The structural properties of leaf venation and xylem anatomy strongly influence leaf hydraulics, including the ability of leaves to maintain hydraulic function during drought. Here we examined the strength of the links between different leaf venation traits and leaf hydraulic vulnerability to drought (expressed as P50 leaf by rehydration kinetics) in a diverse group of 26 woody angiosperm species, representing a wide range of leaf vulnerabilities, from four low-nutrient sites with contrasting rainfall across eastern Australia.
INTRODUCTION
The anatomical and architectural features of leaf venation strongly influence plant productivity and survival across species and environments. Given that the efficiency of water transport through leaf veins is a major determinant of maximum rates of photosynthesis (Brodribb et al., 2007; Sack and Scoffoni, 2013) , venation traits that influence water transport efficiency, such as xylem vessel width (Aasamaa et al., 2001) , vessel perforationplate anatomy (Feild and Brodribb, 2013) and vein density (Sack and Frole, 2006; Brodribb and Feild, 2010; Walls, 2011; Buckley et al., 2015; Gleason et al., 2016) , have been examined across large numbers of species. Recent studies have also identified several venation traits related to the ability of leaves to resist hydraulic decline under increasing levels of drought stress (Cochard et al., 2004; Brodribb and Holbrook, 2005; Blackman et al., 2010; Scoffoni et al., 2011 Scoffoni et al., , 2017b Nardini et al., 2012) . Quantifying these traits offers a potentially useful approach for screening leaf drought tolerance thresholds in extant species, as well as those in the fossil record (Sack and Scoffoni, 2013) .
As soils dry out during drought, tension (water potential, in MPa) within the leaf xylem increases. Under relatively mild drought conditions, this process can cause leaf water transport capacity (K leaf ) to decline as a result of turgor loss and leaf shrinkage (Scoffoni et al., 2014 (Scoffoni et al., , 2017a Trifilo et al., 2016) . Under more severe drought conditions, further increases in xylem tension can exceed species hydraulic safety thresholds, causing K leaf to decline as a result of embolism formation (air blockages) in the water-conducting xylem (Johnson et al., 2009; Brodribb et al., 2016b) . If drought continues, this process can lead to complete leaf hydraulic failure and even plant death (Brodribb and Cochard, 2009; Scholz et al., 2014) . The ability of leaves to resist hydraulic decline during drought is typically characterized by their hydraulic vulnerability, measured as the water potential associated with 50 % loss in hydraulic conductance, or P50 leaf . Recent studies indicate that P50 leaf varies widely across species from environments with contrasting rainfall (Brodribb and Hill, 1999; Blackman et al., 2014) and temperature (Nardini and Luglio, 2014) , and represents a major determinant of species distributional limits (Blackman et al., 2012; Nardini et al., 2012) .
Leaf hydraulic vulnerability to drought is an integrated trait derived from different structural and functional characteristics of the leaf water transport pathway. Recent cross-species studies have reported close linkages between variation in P50 leaf and specific aspects of leaf vein anatomy and venation design. These studies suggest that angiosperm species with low hydraulic vulnerability (i.e. more negative P50 leaf ) tend to have leaves with narrow xylem conduits that help minimize the spread of drought-induced embolism (Nardini et al., 2012; Scoffoni et al., 2017b) and high major vein density that provides multiple pathways for water movement around air-filled conduits (hydraulic redundancy) (Scoffoni et al., 2011; . A strong correlation has also been found between leaf hydraulic vulnerability and the ratio of conduit wall thickness (t) to lumen breadth (b) in leaf minor veins of conifer (Cochard et al., 2004; Brodribb and Holbrook, 2005) and angiosperm (Blackman et al., 2010) species. These findings suggest xylem conduit reinforcement provides a degree of safety from vessel wall collapse during drought. However, it remains unknown to what degree xylem reinforcement occurs throughout the leaf venation network, and whether the scaling of t and b varies across species from different habitats. Euler buckling theory suggests that t should scale proportionately with b to prevent collapse as the breadth of conduits increases (Hacke et al., 2001; Brodribb and Holbrook, 2005) . Scaling less than proportionately with b would indicate stronger xylem reinforcement in smaller vessels. If the t h -b h scaling exponent shifts across habitats with species operating at lower water potentials displaying a coefficient closer to unity, then this would indicate an increasing cost to constructing leaves with large vessels in arid habitats. As far as we are aware, these possibilities have not previously been assessed in leaves.
Although relationships between P50 leaf and different venation and xylem anatomy traits have been examined across small groups of ecologically diverse species, it remains unknown whether specific leaf venation traits can become decoupled from P50 leaf due to their intrinsic link to leaf size. Leaf size is closely linked to major vein density (Scoffoni et al., 2011) as a consequence of vein packing constraints during leaf development , and to petiole vessel size Gleason et al., 2016 Gleason et al., , 2018 , for optimal leaf water transport efficiency (Sack et al., 2003) . The link to P50 leaf helps explain the propensity of small-leaved species to occupy more arid environments (Scoffoni et al., 2011) . However, leaf size can be influenced by multiple environmental factors, including rainfall, temperature, light and nutrient conditions (Givnish, 1987; Cunningham et al., 1999; Fonseca et al., 2000; Tozer et al., 2015) , whereas P50 leaf is most strongly influenced by site water availability (Brodribb and Cochard, 2009; Blackman et al., 2014; Nardini and Luglio, 2014; Scholz et al., 2014) . For species where leaf size is strongly constrained by selection pressures other than rainfall, venation traits intrinsically linked to leaf size might be expected to become decoupled from P50 leaf . Here, we tested the level of coordination among different leaf xylem anatomy and venation traits, leaf size, leaf mass per unit area (LMA) and leaf hydraulic vulnerability to drought (P50 leaf ) across a phylogenetically diverse group of eastern Australian temperate and sub-tropical woody angiosperms. We collected leaves from 26 species that varied strongly in leaf hydraulic vulnerability from four sites characterised by different rainfall, but similarly poor nutrient conditions. For each species, we measured hydraulically weighted diameter (b h ), wall thickness (t h ) and an index of implosion resistance (t/b) h of xylem vessels within the petiole, midrib, 2° veins and leaf minor veins. We also measured leaf major and minor vein density, as well as leaf size and LMA. P50 leaf values were sourced from previously published vulnerability curves (Blackman et al., 2014) . We asked:
(1) What are the venation traits most strongly linked to P50 leaf across species? (2) Does the scaling of vessel wall thickness to vessel lumen breadth depart from proportionality within individual leaves, across species, or among habitats? (3) Assuming that in our species group leaf size is constrained by both low rainfall and low soil nutrients, can P50 leaf vary independently from leaf venation traits that are intrinsically linked to leaf size?
MATERIALS AND METHODS

Study sites and species
Twenty-six species representing ten families were sampled from four sites across coastal and inland eastern Australia (Table 1; Supplementary Data Table S1 ). Three of these sites (Warm-Wet, Warm-Dry and Warm-Arid) were associated with a strong east-west aridity gradient in New South Wales, while the fourth site (Hot-Dry) was located in seasonally dry eucalypt woodland in northern Queensland (for more detailed site climate descriptions see Gleason et al., 2012) . All four sites were characterized by late successional vegetation with eucalyptus (senso lato) occurring on weathered oligotrophic soils, low in phosphorous (Gleason et al., 2012) . The sites varied strongly in rainfall from 383 mm annually at the WarmArid site to 1210 mm at the Warm-Wet site (Table 1 ). Six or MAP, mean annual precipitation; MAT, mean annual temperature. Climate data were sourced from the Atlas of Living Australia (2017), while soil P was sourced from a previous study (Gleason et al 2012) . Also included are site means (plus standard errors) for leaf hydraulic vulnerability (P50 leaf ) and leaf size (LA); significant differences (P < 0.05) between sites, using pairwise comparisons, are denoted by different superscript letters.
seven dominant shrub and/or tree species were sampled from each site. The sample group contained a variety of simple leaf types including flat, revolute, terete and phyllodinous leaves. All species were evergreen except for Planchonia careya from the Hot-Dry site, which was drought-deciduous. In addition to the mean annual precipitation (MAP) for each site, MAP data were downloaded for cleaned occurrence records of each species from the Atlas of Living Australia (http://www.ala.org.au) and used to calculate the MAP across each species distribution. Sampling at each site occurred in 2012-2013, outside of the hot summer months. The same individuals of each species were used for measurements of leaf hydraulics and leaf anatomy.
Leaf hydraulic vulnerability
Leaf vulnerability curves for the current group of species were sourced from a previous study published by our lab group (Blackman et al., 2014) . In brief, each curve was generated using a modified rehydration technique (Brodribb and Cochard, 2009) , whereby leaves or small shoots were excised underwater from branches (three branches per species) dried down over 2-4 d to a range of water potentials and connected to a flow meter. We ensured water potential was equilibrated before each 'rehydration' experiment by placing branches into opaque plastic bags for up to 1 h. Measurements were conducted under normal light conditions in the lab or in the field under a shade tent. For most species, the response of leaf hydraulic conductance (K leaf ) to increasing water potential (in MPa) was sigmoidal, with K leaf not declining over an initial range of water potentials, then declining once species hydraulic safety thresholds were reached (Fig. S1 ). For each rehydration experiment, leaves were connected to the hydraulic apparatus within 2 s and K leaf was calculated from the flow rate recorded within the first 4-6 s following leaf connection to the flow meter. These initial flow rates were assumed to be influenced predominantly by the hydraulic resistance of the xylem pathway, and thus we considered the decline in K leaf to be driven primarily by the formation and spread of xylem embolism (see Nolf et al., 2015; Skelton et al., 2015 Skelton et al., , 2017a Brodribb et al., 2016a, b) . However, we acknowledge that the decline in K leaf can also be influenced by measurement light intensity, which has been shown to affect hydraulic processes in leaf tissues beyond the xylem (Guyot et al., 2012; Trifilo et al., 2016) . The influence of light intensity on the decline in K leaf has been demonstrated using the evaporative flux technique (Sack et al., 2002) , as well as the timed rehydration kinetics technique, devised by Brodribb and Holbrook (2003) , where leaves were allowed to absorb water under high or low light for 15-45 s (Scoffoni et al., 2008) . Thus, although we cannot entirely exclude the influence of outside xylem processes, we considered our measurements of leaf hydraulic vulnerability to represent the water potential associated with 50 % loss in hydraulic conductance (P50 leaf ) driven primarily by embolism formation in the leaf xylem. This contrasts with the evaporative flux method (Sack et al., 2002; Scoffoni et al., 2008) where measurements include mesophyll and stomatal conductance and hence are responsive to factors including light intensity. Across species, P50 leaf varied substantially from −1.9 MPa in Banksia serrata to −7.8 MPa in Melaleuca uncinata (Table S1 ).
Leaf xylem anatomy and venation traits
Fully expanded sun-leaves were collected from three individuals from each field site at the time leaf hydraulic vulnerability measurements were made. Between five and ten sample leaves from each of three individuals per species were sealed in zip-lock bags with moist paper-towel and placed inside an insulated cool-box. Samples were transported back to the laboratory within 3 d of collecting and fixed in FAA (formalin acetic acid) solution and stored.
Measurements of xylem anatomy in petioles, midribs, 2° veins and minor veins were made in one leaf from two to three individuals per species, with the exception of vessels in 2° veins of Pultenaea scabra which were calculated from a single leaf (see Table S1 ). Leaf area was measured using a flat-bed scanner (Scan Maker i900, Microtek International, China) before sectioning. Transverse sections of vein xylem were made using a vibratome (VT1000s, Leica Microsystems, Germany). Sections were made half-way along the length of the petiole, mid-rib and 2° veins (minor vein anatomy was generally captured within lower order vein sections). Small (<°1 cm 2 ) pieces of leaf, each containing a target vein, were cut out and individually suspended in 6 % agarose blocks. Each agarose block was shaped with a razor-blade and then mounted onto the vibratome stage ensuring that the target vein was perpendicular to the cutting edge of the blade. Several transverse sections were cut at a thickness of between 10 and 20 µm. Sections were stained in dilute 1 % methylene blue before mounting onto glass slides in phenol glycerine jelly.
The xylem anatomy of each vein order was photographed using a digital camera (DXM1200F, Nikon, Japan) attached to a light microscope (Bx50, Olympus Optical, Japan). Magnification of each vein depended on vessel size; petioles, mid-ribs and 2° veins were photographed at 40× or 100×, while minor veins were photographed at 100×. From each image, lumen breadth (b) and wall thickness (t) was measured using ImageJ software (National Institutes of Health, USA) from a representative sample of between ten and 100 hydraulically functional vessels. Due to the typically low number of vessels in minor veins, b and t were measured from two or three different minor veins per leaf. For all veins, care was taken to avoid cell-types such as fibre cells and xylem parenchyma that were deemed to provide functional roles beyond water transport. Also, minor veins were identified as the smallest veins in cross section with a clearly defined vascular bundle (xylem and phloem), and were carefully distinguished from free vein endings, which were often enlarged and represented sclereids and/or tracheids in some species. Because vessels were often elliptical in shape, b was measured along the short and long axes of each vessel, and then transformed to the circular equivalent diameter (Choat et al., 2007) . Hydraulically weighted vessel diameter (b h ) was calculated according to the formula
, which weights the vessels (n) within each vein order by their hydraulic contribution to total vein conductance (Tyree and Zimmermann, 2002) .
For each hydraulically weighted diameter we estimated its wall thickness from the ordinary least-squares relationship between t and b measured across a subsample of 10-15 vessels within each vein order. For each cell, b was measured as described above, while t was measured as the single-thickness of a clearly defined radial wall. The level of xylem reinforcement of hydraulically weighted vessels was then calculated as the ratio of wall thickness (t h ) and lumen breadth (b h ), (t/b) h . We also examined the shape and slope of the t h -b h relationship across vein orders and species. Euler buckling theory suggests that t h should scale proportionately with b h (i.e. an expected log-log slope of 1) to maintain a constant crushing tension as vessel radii narrow from petioles to minor veins (Hacke et al., 2001; Brodribb and Holbrook, 2005) . Less than proportional scaling between these two vessel traits would suggest that large leaves [i.e. with large vessels Gleason et al., 2018) ] represent a savings in network construction costs; for example, a doubling leaf size would result in a somewhat less than doubling of network construction costs. Furthermore, the slope of this relationship (i.e. the t h and b h ratio assuming a y-intercept of zero) may also differ across species and habitats. A change in the slope (but not the shape) of the function would indicate greater carbon investment (thicker vessel walls) at all points throughout the network. To test if the slope or shape of the t h -b h relationship differed across species or habitats, we plotted t h -b h on log 10 -transformed axes and compared the log-log slopes (i.e. departure from proportionality; scaling exponents), as well as the log-log intercepts (i.e. the logged arithmetic slopes; normalization constants) among species and habitats. Log-log intercepts were only compared if there was no difference in slope among species or habitats. The 'sma' function in the SMATR package for R was used for these analyses (Warton et al., 2006) .
Leaf venation architecture was characterized using one leaf from each of three individuals per species. For species with flat or revolute leaves, we used a protocol described by Scoffoni et al. (2011) for leaf clearing and quantifying vein density. In brief, leaves were chemically cleared with 5 % NaOH, put through a dehydration series in ethanol, stained with saffranin and counter-stained with fast green. Leaves were mounted in water on transparency film and scanned at high resolution using a flatbed scanner (Scan Maker i900, Microtek International, China). The leaf area and lengths of midribs and 2° veins were measured using ImageJ. To ensure that 3° and higher order veins were visible, we exposed the veins prior to leaf clearing by cutting a small window (<1 cm 2 ) through the epidermis and top layers of mesophyll. For large leaves (>10 cm 2 ), three vein windows were made, located centrally in the top, middle and bottom thirds of the leaf. The lengths of 3° and minor veins were measured (using ImageJ) from photographs of these vein windows taken with a digital camera (DXM1200F, Nikon) attached to a light microscope (Bx50, Olympus Optical) at 4× and 10× magnification, respectively. Vein density was calculated for each vein order as the length of vein per unit leaf area. In large leaves, 3° and minor vein densities were averaged across the three exposed windows. The major vein density (Dv major ) was determined as the sum of 1°, 2° and 3° order vein densities, and minor vein density (Dv minor ) as the total length per unit area of 4° and higher order veins.
For the four species with terete leaves with parallel leaf venation, vein orders were distinguished by size class in transverse section (see above for leaf sectioning protocol). The vein density of each vein order was then calculated as the sum of the number of veins within each vein order, multiplied by leaf length (assumed to be equivalent to vein length) and divided by projected leaf area.
Leaf structural traits
Leaf area (LA) was determined for each species from the same three leaves used for quantifying xylem anatomy traits in cross section. Leaves were imaged on a standard flatbed scanner (Epson Perfection V33, Australia). Projected leaf area was calculated from these images using ImageJ software (National Institutes of Health). Leaf mass per unit area (LMA) values for each species were taken from a previous study conducted at the same sites (Gleason et al., 2012) .
Statistical analysis
Bivariate relationships were fit with ordinary least squares (OLS) or standard major axes (SMA) models using the 'smatr' package in R (Warton et al., 2006) . Differences among sites and vein orders may manifest as different slope or intercept coefficients. When relationships were well approximated by power models (e.g. t h ~ a.b h b ), scaling exponents were evaluated among groups by testing the log-log slope coefficient (b; scaling exponent) as well as the intercept coefficient (a; scaling constant) when slopes were statistically similar among sites or vein orders. Principal components analysis (PCA) ('prcomp' function in R; R Core Team, 2015) was used to determine the dominant axes of variation among a selection of traits, including petiole vessel t h , b h and (t/b) h , respectively, as well as major and minor vein density, LA, LMA and P50 leaf . All variables were scaled to unit variance in the PCA.
RESULTS
Substantial variation in venation architecture, leaf xylem anatomy and gross morphology was observed across species (Table S1 ). Major vein density varied ~15-fold from 0.58 to 9.2 mm mm −2 , while among the xylem anatomy traits petiole vessel b h varied ~6.5-fold from 3.3 to 24.4 µm, petiole vessel t h varied ~2.5-fold from 0.67 to 2.7 µm, and petiole vessel (t/b) h varied ~2-fold from 0.08 to 0.25. Across species, LMA varied nearly 5-fold, ranging from 75 to 447 g m −2 , and leaf area varied more than 300-fold, ranging from 0.12 to 40.0 cm 2 . Among sites, leaf size differed significantly between the Warm-Wet and the Hot-Dry sites (pairwise comparisons; Table 1), while leaf size was unrelated to site rainfall and weakly correlated with soil phosphorus (r 2 = 0.15, P = 0.05; Fig. S2 ), and was unrelated to species mean annual rainfall (Table 2; Fig. S3 ). In contrast, P50 leaf was significantly different among species from the Warm-Arid site compared to species from the other three sites (Table 1) , while P50 leaf was strongly correlated with site rainfall (r 2 = 0.48, P< 0.001) but not soil phosphorus (Fig. S2) , and was correlated with species mean annual rainfall (Table 2; Fig. S3 ).
Across species, variation in P50 leaf was strongly correlated with vessel (t/b) h of petioles (r 2 = 0.53, P < 0.001), midribs (r 2 = 0.58, P < 0.001), second-order veins (r 2 = 0.46, P < 0.001) and minor veins (r 2 = 0.72, P < 0.001) (Fig. 1) , indicating that greater resistance to leaf hydraulic dysfunction (more negative P50 leaf ) is linked to greater xylem vessel reinforcement across all vein orders. Concomitantly, neither log-log slope nor log-log elevation of the relationship between t h and b h were significantly different among vein orders ( Fig. 2A; slope P = 0.17; elevation P = 0.08), suggesting similar scaling exponents and scaling constants throughout the networks. However, the log-log slope of the t h -b h relationship across vein orders was significantly shallower than 1 (P < 0.001), indicating that the ratio of wall thickness to lumen breadth decreased as vessels became wider. Comparing across sites, species from the Warm-Wet site tested as having significantly shallower log-log slope than the other three sites (0.52 vs 0.72 in common for the other three sites; P < 0.025). The suggestion (Fig. 2B) is that larger vessels at this wet site tended to have relatively thinner walls than at the dry and arid sites, but minor veins did not. However, considering the graph (Fig. 2B) , we do not attach strong weight to this apparent difference in slope. More clearcut is that among the three sites exhibiting a common log-log slope (Warm-Dry, Warm-Arid, Hot-Dry), the elevation of the t h -b h relationship varied significantly (P < 0.001), with species from the drier sites having larger values, meaning vessel wall thickness in these species exhibited stronger reinforcement at a given lumen diameter than species from wetter sites (Fig. 2B) . We note that although petiole (t/b) h was correlated with species MAP (r 2 = 0.44, P < 0.001), neither of the individual components of the t h /b h ratio were related to rainfall (Table 2) .
Across species, variation in P50 leaf was not related to either t h or b h at any vein order, with the exception of minor vein vessel b h (r 2 = 0.17, P = 0.04; Table S2 ). P50 leaf was also unrelated to major vein density (Dv major ), minor vein density (Dv minor ), leaf size (LA) and leaf mass per unit area (LMA) ( Table 2) . Nonetheless, leaf size was significantly and negatively correlated with major vein density (r 2 = 0.42, P < 0.001) (Fig. 3) , but was unrelated to minor vein density (Table 2) . Leaf size was positively correlated with vessel b h and t h in leaf petioles [b h , r 2 = 0.75, P < 0.001 (Fig. 3) ; t h , r 2 = 0.79, P < 0.001], midribs (b h , r 2 = 0.75, P < 0.001; t h , r 2 = 0.80, P < 0.001) and 2° veins (b h , r 2 = 0.61, P < 0.001; t h , r 2 = 0.43, P < 0.001), but not in leaf minor veins (see Table S2 ). Leaf size was also related to vessel (t/b) h at the petiole and 2° veins, but not at the midrib or minor veins (Tables 2 and S2 ). Strong negative correlations were observed between major vein density and vessel b h and t h in lower order veins (Table S2) .
PCA of leaf, vein and petiole vessel traits identified two major axes, which cumulatively explained 66 % of the total variation among the traits (Fig. 4) . The first principal component (PC) accounted for 46 % of the total variation and was dominated by leaf size, major vein density, and both petiole vessel b h and t h , while the second PC (21 % of the total variation) was associated with P50 leaf and petiole (t/b) h . Importantly, (t/b) h was closely aligned with P50 leaf , whereas the components of this ratio, t h and b h , aligned primarily with leaf size and major vein density, and were largely orthogonal to P50 leaf and (t/b) h (Fig. 4) .
DISCUSSION
The strong correlations between more negative P50 leaf and greater vessel (t/b) h at each vein order across our sample group of 26 species highlight the functional link between xylem conduit reinforcement throughout the leaf venation and the ability of leaves to resist drought-induced hydraulic dysfunction (Blackman et al., 2010) , probably caused by xylem embolism in our measurements using direct flow rehydration. The strength of this relationship is robust given that our species group spanned a very wide range of leaf vulnerabilities, with P50 leaf values ranging from −1.9 MPa in the most vulnerable species Banksia serrata to −7.8 MPa in Melaleuca uncinata, which to the best of our knowledge is among the most negative P50 leaf values recorded for angiosperm species (see also Skelton et al., 2017b) . Our sample of species also spanned a wide range of values for each of the leaf venation, xylem anatomy and leaf morphology traits, which increased the likelihood of detecting significant trait-trait relationships across species. Even so, we note that large leaves >41 cm 2 were not present in our species group, although compared to previous studies it did contain species with small leaves <1 cm 2 .
The ratio of wall thickness to lumen breadth (t/b) has been used widely as an index of the implosion resistance of conduit walls under tension (Hacke et al., 2001; Sack and Scoffoni, 2013) . Hacke et al. (2001) first observed a strong correlation between the ratio of conduit double-wall thickness and lumen breadth and drought resistance in woody stems. They argued that xylem conduit reinforcement should increase with increasing drought resistance on the basis that drought-resistant plants tend to experience stronger internal loads (water potential) in the field. This argument has been supported by studies highlighting the adaptive link between xylem conduit wall reinforcement and embolism resistance (P50) in plant stems (Jacobsen et al., 2005 (Jacobsen et al., , 2007 Pittermann et al., 2006 ). In the current study, vessel (t/b) h was higher in species from more arid environments and was strongly correlated with P50 leaf across species. This suggests that a similar level of coordination between xylem reinforcement and embolism resistance may be present in leaves. Although we cannot preclude the possibility that cell collapse occurs in angiosperm leaves under tension (see Zhang et al., 2016) , the weight of recent evidence suggests that leaf hydraulic decline during severe drought is caused by xylem embolism (Johnson et al., 2009; Nolf et al., 2015; Brodribb et al., 2016a, b; Scoffoni et al., 2017b; Skelton et al., 2017a) . Thus, we suggest xylem reinforcement in leaves has evolved to provide a degree of safety from vessel collapse under tension, while embolism spread via air-seeding could potentially relate to the size and structure of pores in pit membranes (Jansen et al., 2009) , nucleation from hydrophobic surfaces (Tyree et al., 1994) or, as hypothesized recently, conduit/fluid properties that influence the expansion of nanobubbles (Schenk et al., 2015) . We acknowledge that changes in the hydraulic properties of the extra-xylary pathway due to turgor loss and leaf shrinkage (Scoffoni et al., 2014 (Scoffoni et al., , 2017a Trifilo et al., 2016) , and associated changes in aquaporin expression (Kim and Steudle, 2007) , play a major role in the decline of leaf hydraulic conductance measured from petiole to external atmosphere. These processes tend to occur during the early stages of drought, at water potentials preceding those associated with xylem embolism (Scoffoni et al., 2017a) , and furthermore are sensitive to measurement light conditions. Indeed, we note that our estimate of maximum K leaf and thus P50 leaf for each species may be underestimated on the basis that our rehydration measurements were conducted under low light and thus did not allow for the influence of outside xylem processes in driving the response of K leaf during drought (Scoffoni et al., 2008 (Scoffoni et al., , 2017a . However, our approach of measuring K leaf under low light is consistent with the approach of other studies that have shown strong correspondence between the decline in K leaf during drought, measured using the rehydration technique (Brodribb and Cochard, 2009) , and the accumulation of xylem embolisms detected acoustically (Nolf et al., 2015) and visually via a recently developed optical technique (Brodribb et al., 2016a, b) and X-ray micro-computed tomography (Skelton et al., 2017a) . Furthermore, in contrast to the evaporative flux technique (Sack et al., 2002) and the timed rehydration kinetics technique (Brodribb and Holbrook, 2003) , we calculated K leaf from the initial flow rate into the leaf through the petiole, which is more likely to be influenced by within-xylem rather than outside-xylem processes. Thus, it is reasonable to assume that the decline in K leaf observed in our vulnerability curves was largely driven by embolism formation, although we note that further studies across diverse species are required to test the relative influence of xylem and outside xylem processes on the decline in K leaf during drought measured using different measurement techniques under a range of conditions. Nevertheless, if embolism is the primary driver of the decline in K leaf in vulnerability curves generated using the rehydration technique, then our study provides important mechanistic insights into the linkages between P50 leaf and leaf venation and xylem anatomy traits related to xylem embolism resistance.
Previous studies have observed strong links between xylem wall reinforcement in leaf minor veins and both leaf vulnerability to drought (Blackman et al., 2010) and species climatic limits (Jordan et al., 2013 ). In the current study, we observed for the first time strong relationships between P50 leaf and vessel (t/b) h at each leaf vein order, with the scaling of vessel wall thickness to lumen breadth being consistent across vein orders. These results indicate that xylem conduit reinforcement occurs throughout the leaf venation network, from petioles to minor veins. Nonetheless, across species we found that the level of xylem vessel reinforcement was higher in smaller vessels (i.e. the t-b scaling exponent was significantly less than 1). This suggests that larger vessels perhaps require less reinforcement than smaller vessels, and/or that tension in vessels (negative water potential) increases from petiole to minor veins. Furthermore, it is consistent with findings that smaller minor veins are the most resistant to embolism within the leaf vein network (Brodribb et al., 2016a, b; Scoffoni et al., 2017b) . Across habitats, we hypothesized that increasing the log-log t-b scaling exponent towards unity (Euler buckling exponent) would result in lower 'network' efficiency as a consequence of increasing carbon costs per unit increase in hydraulically weighted vessel diameter, which might play a role in constraining vessel size in species from more arid sites. Unfortunately, our data are ambiguous on this point. The least arid site did have a shallower scaling exponent than the other sites, but the 'dry' sites and 'arid' site had similar scaling exponents, which do not support this idea. However, among these dry-land sites the t h -b h constant (i.e. elevation in Fig. 2B ) varied significantly and increased with increasing site aridity. This suggests that natural selection acts predominantly on the scaling constant rather than the scaling exponent, which results in thicker walls relative to lumen diameter in drier habitats.
Across our set of species, leaf hydraulic vulnerability to drought was unrelated to major vein density. This contrasts with previous studies (Scoffoni et al., 2011; Nardini et al., 2012) that found significant relationships between high major vein density and low hydraulic vulnerability in leaves. These authors suggested high major vein density confers increased drought tolerance on the basis that it provides more alternative pathways for water movement around vein embolisms. We acknowledge that high major vein density and hydraulic redundancy may play a role maintaining leaf hydraulic function under drought. Nonetheless, our results suggest that the functional link between higher major vein density and greater resistance to embolism-induced hydraulic decline may not hold across sets of species where leaf size is strongly influenced by factors in addition to water availability.
In the current study, we observed a strong negative relationship between leaf size and major vein density and a strong positive relationship between leaf size and hydraulically weighted petiole diameter, consistent with the intrinsic links and scaling relationships between these traits Sack et al., 2012; Gleason et al., 2018) . These bivariate relationships were supported by PCA, which grouped together vessel and venation traits linked to leaf size. However, our analyses showed that leaf size varied independently of P50 leaf . Although all species with large leaves (>10 cm 2 ) had P50 leaf values less negative than −5 MPa, species with small leaves (<1 cm 2 ) were characterized by both high and low vulnerability (i.e. P50 leaf values ranged from roughly −2 to −8 MPa). This implies that the relationship between P50 leaf and leaf size -and thus the relationship between P50 leaf and both major vein density and petiole vessel diameter -can break down across species from different habitats, especially where leaf size is constrained by multiple environmental factors. Indeed, in contrast to global trends (Wright et al., 2017) , across our four temperate-tropical sample sites, mean leaf size was unrelated to climate indices of site water availability. In contrast, P50 leaf is known to vary more systematically with rainfall across these sites (Blackman et al., 2014) . Decoupling of leaf size and site water availability (and P50 leaf ) is consistent with poor leaf size-climate relationships reported for Australian vegetation (Peppe et al., 2011; Tozer et al., 2015) , indicating that leaf size variation can be shaped by additional environmental filters, including low soil nutrients (Cunningham et al., 1999; Fonseca et al., 2000) . Nevertheless, our findings across a morphologically diverse set of species suggest that smaller leaves and higher vein density are not necessarily conferring strongly negative P50 leaf .
The results of this study clearly indicate that the ability of leaves to resist hydraulic dysfunction under drought is closely related to the degree of leaf xylem reinforcement throughout the venation network. Unlike traits such as major vein density and petiole vessel diameter, the degree of xylem vessel reinforcement was unrelated to leaf size, which in turn was unrelated to P50 leaf . These results point strongly to the usefulness of measuring xylem reinforcement in leaf veins when examining variation in leaf hydraulic vulnerability to drought across ecologically and morphologically diverse species. SUPPLEMENTARY DATA Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Table S1 : Species information and trait values measured for each species. Table S2 : Pearson correlation r values among selected leaf traits. Figure S1 : Leaf hydraulic vulnerability curves for each of the 26 species included in this study. Figure S2 : The log-log relationship between leaf traits and site climate and soil characteristics. Figure S3 : The log-log relationship between leaf traits and species mean annual precipitation.
